The present paper deals with a problem of shape identification in a magnetic separation system, used for separation of useful metal pieces from waste materials. The aim is to increase the productiveness of separation process. The effectiveness of the magnetic separator work is estimated on the basis of specific magnetic force, acting in the working zone of the device. This specific force depends on the magnetic field strength and its gradient. The forward problem of electromagnetic field determination has been solved using finite element method and Quickened 5.6 software package. The specific force determination and solution of the identification problem is realized in MATLOW.
Introduction
M AGNETIC separators have wide applications in very different industrial branches, like mining and mineral industry, pharmaceutical industry, glass manufacturing and many other industrial areas [1, 2] . The operation principle of such devices is based on the fact that materials with different magnetic properties interact with a magnetic field in a different way.
Object of investigation in the present work is magnetic separator, which has to separate the metal particles from waste materials. Shape identification of the electromagnet has been done, in order to increase the specific magnetic force acting on the ferromagnetic particles and make the separation process more effective. After the numerical investigation, real device was produced according to the results and now it works in a small factory. The authors are with University of Sofia, Aliment Ochroid 8, Sofia 1000, Bulgaria (e-mails: [iliac, reds, guano, ira jordanova]@tu-sofia.bg).
Specific Magnetic Force and Working Zone of the Separator
In the magnetic separation theory [3] the terms "specific magnetic force, acting on a particle" and "working zone of the separator" are used.
Specific magnetic force
It is well known that in the homogeneous magnetic field the values of magnetic field strength are equal and have one and same direction. It means that gradient of such field is zero: grad H. In this case there is a rotating torque acting on the ferromagnetic particle, which change its direction along the magnetic lines.
In nonhomogeneous magnetic field values of the field strength are not equal and correspondingly: grad H > 0. In such fields, there is not only rotating torque, but also a force acting on the ferromagnetic particle and attracting it in the stronger field direction. Namely this force makes possible separation of particles with magnetic properties from the rest material passing through the separator. According to this the design of magnetic separators has to ensure only nonhomogeneous magnetic field.
It is possible to determine the force acting on a particle on the basis of potential energy, accumulated during the magnetization process:
where V is particle volume, µ is magnetic permeability and χ is magnetic susceptibility, which corresponds to the magnetization ability of the material. The magnetic susceptibility depends on the magnetic permeability µ and material density γ in the following way:
Thus the force, acting on the particle can be determined using the principles of the mechanics as:
Hence the force is defined by expression (3):
The specific magnetic force corresponding to a unit of mass can be determined as:
This relative quantity is very suitable for estimation of the magnetic force in nonhomogeneous field, where the knowledge only about magnetic field strength H distribution is insufficient.
Working zone of separator
The study of magnetic fields in separators proves that the quantity Hgrad H varies significantly from one region to another and rapidly decreases when moving outside of the poles. As a result the forces acting on the particles with equal dimensions and materials can have very different values even several times. This fact spoils the separation process and makes it not enough effective.
The "working zone of the separator" is defined as a region of attraction and holding the magnetic particles. The length L of the working zone is determined as a distance between the beginning of magnetic attraction and the position of discharge of the separated material. The height h of this zone is a distance from system poles to the place where the magnetic force Fm does not ensure magnetic particles extraction i.e. F ≤ ∑ f mechanical .
The efficiency of the separator work is determined on the basis of speed v with which separated material passes through the separator. It depends [3] on the dimensions of the working zone and the field parameters according to the expression:
It is clear that the increase of the working zone length L leads to higher separator efficiency. The influence of the height h is more complicated, because the increase of this parameter cause decrease of the Hgrad H.
During the investigation the function Hgrad H has been observed. The effectiveness of the work of the studied device has been determined on the basis of this functions value in the separator working region.
Studied Device
The principal geometry of the studied system is shown in Fig. 1 . It consists of ferromagnetic core, coil and belt with compositions, consisting of scrap materials with different magnetic properties. The height of the electromagnet is 110 mm and the width is 620 mm. The coil consists of four layers with 250 turns each. The diameter of the conductor is 1.9 mm and the current is 10A.
As the aim of the study is obtaining the maximal attracting force in a working region, design variants of more closed or more open shape of the electromagnet have been considered. This possibility is illustrated in Fig.2 , where it is shown that by varying the dimensions d 1 and d 2 we can change the shape of the lower part of magnetic core in order to improve magnetic field distribution.
Forward Problem Formulation
The region of investigation is shown in Fig. 3 . The considered device was surrounded by wide air buffer zone. The field problem is considered in plane xOy as magnetostatic one and it has been solved by using the finite element method.
The investigated region includes the following domains: The magnetostatic field is modeled by Poisson equation:
where A is magnetic vector potential and J is the coil current density. The problem was considered as plane parallel and was solved in the xOy plane, taking into account that current density J has only one component in z direction. Similarly to this the magnetic vector potential A has also only z component:
Thus the governing equation is:
On the boundaries of the buffer-zone ABCD are imposed Dirichlet boundary conditions: A = 0. During the investigation the specific magnetic force corresponding to a unit of mass is determined according Eq.4 as:
The effectiveness of the studied device has been estimated on the basis of this quantity.
FEM Analysis and Results
Numerical simulation of the magnetic field was carried out using Quickened 5.6 software package [4] . The problem have been investigated for a number of values of the design parameters d 1 and d 2 , which define different shape design of the electromagnet. The values of the shape parameters are:
As a result the magnetic field distribution in the working zone of studied separator was obtained corresponding to more open or more closed magnetic core of the system. In Fig. 4 and Fig. 5 are given color maps of the magnetic flux density and magnetic field strength [5] in the investigated region in case of more closed magnetic core when parameter d 1 = 5 cm and d 2 = 3 cm. In order to study the specific magnetic force F m in the working zone of the device, special attention was paid to the distribution of magnetic field strength H and its components Hx and Hy. In Fig. 7 are given plots of these field parameters along the symmetry line of the investigated region. 
Identification Problem
As it was already mentioned, the maximal value of function Hgrad H in the working zone of separator specifies the best design and effective work of the separator. In order to investigate this function, the obtained by FEM magnetic field values are used as input data in MATLOW [6] . The magnetic field strength H(x, y) and its derivatives ∂ H(x, y)/∂ x and ∂ H(x, y)/∂ y have been constructed in the investigated region using Spline Toolbox and bicubic spline approximation. In Fig.8 , the region in which studied functions are approximated is shown. Then the function Hgrad H has been obtained as:
The surfaces of approximated functions H(x, y), f 1 (x, y) = ∂ H/∂ x, f 2 (x, y) = ∂ H/∂ y and f 3 (x, y) = Hgrad H are shown in Fig. 9, Fig. 10, Fig. 11 and Fig. 12 . 
Conclusion
The problem of electromagnetic field determination in a magnetic separation system has been solved using finite element method and Quickened 5.6 software package. the specific force determination and solution of the identification problem is realized in MATLOW. As a result of the investigations real device was designed and produced. 
